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INTRODUCTION
Studies of megakaryocyte colonies have provided a simple, robust model of the genesis of clonal size heterogeneity in hemopoietic colonies. Dividing megakaryocyte colony-forming units (CFU-MK) cultured in vitro leave the proliferative pool at a constant rate per doubling, so that the numbers of doublings (NbD) undergone by these progenitors are exponential distributions 1, 2 . The rate of exit from the proliferative compartment is decreased by stimulators of megakaryocyte colony formation and is lower in mixed erythroidmegakaryocyte than in pure megakaryocyte colonies 2 .
It was first thought that the exponential functions were generated as a result of a single random event arresting proliferation and occurring somewhat synchronously within individual clones. Among several, non-mutually exclusive possibilities, the critical event may be geared to the assembling or disassembling of a protein-protein complex binding to a regulatory DNA element 3 , the TPO-induced change in a critical component of the cell cycle resulting in the abortive mitoses which induce polyploidy [4] [5] [6] , and/or the all-or-none, switch-like responses of the mitogen-activated protein kinase (MAPK) cascade 7, 8 which has been associated with induction of polyploidization in megakaryocyte cell lines [9] [10] [11] and normal megakaryocytes variance in NbD undergone by CFU-GM is related to preexisting, heritable characteristics of the progenitor cells. Thus, evidence of synchronization in whole clones implies that the commitment event is not random among the progeny of the colony-forming cell 2 . A second major difficulty with a model based on stochastic commitment to polyploidization is the existence within the proliferative continuum of intrinsic differences which are correlated with proliferative potential 2, 14 . These intrinsic characteristics contradict the view that interclonal heterogeneity is generated by a homogeneous population of progenitors undergoing random cessation of proliferation. Therefore, it appears that clonogenic cells are themselves heterogeneous in parameters which predict, or even determine, their proliferative behavior.
How this heterogeneity is created is not precisely understood. Among individual progenitors of the granulocytic 15 , erythrocytic 16 and megakaryocytic 14, 17, 18 series, intrinsic cytokine sensitivity varies inversely to proliferative potential. In megakaryocyte cultures, the progenitors of single megakaryocytes, of doublets and of CFU-MK which generate colonies with ≥ 3 megakaryocytes display progressively decreasing responsiveness to thrombopoietin, respectively 18 . Generation-age may therefore be a determinant of progenitor heterogeneity.
However, intrinsic heterogeneity of colony progenitors does not necessarily reflect an age structure or differences in mitotic history since large variations in proliferative potential have been demonstrated between paired daughter progenitor cells born from hemopoietic stem cells [19] [20] [21] [22] . In addition, there is evidence that some interlineage plasticity may persist during differentiation 23, 24 and induction of a program of megakaryocytic differentiation associated with transcription of the TPO receptor and acquisition of TPO responsiveness has been described 25 . Factors affecting progenitor sensitivity to growth regulators independently from generation-age may therefore be important. However, the precise relationship between agedependent and age-independent variations in factor responsiveness remains unknown. A basic
For personal use only. on . by guest www.bloodjournal.org From question is whether the number of doublings (NbD) undergone by megakaryocyte progenitors in vitro depends on the NbD that previously occurred in vivo or whether they are set by some intrinsic properties, such as cytokine responsiveness, which would be totally or partially independent of progenitor past mitotic history.
In this study, we determined the thrombopoietin (TPO) dose-response curves of human
+ megakaryocyte progenitors which generated clones of various sizes. We found that the range of responsiveness of individual progenitors covered 4 orders of magnitude and that TPO responsiveness was inversely correlated to clone size, expressed as number of doublings (NbD). In order to interpret these data, we tested a prediction of the generation-age model, namely that under constant culture conditions, the percentage of progenitors undergoing a given number of residual doublings (NbD r ) in vitro is determined by the number of previous doublings (NbD p ) they had undergone in vivo. The data established that in the serum-deprived culture system used, 78 % of the variation in TPO responsiveness of megakaryocyte progenitors could be interpreted as the effect of a 3.5-fold increase in responsiveness per previous progenitor doubling in vivo. In some experiments, the aim was to determine the previous number of doublings, 
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RESULTS
Overall TPO dose-response curves. A logdose-response curve for all clones (≥ 1 megakaryocyte) is shown in Fig 1, top panel. In 3 independent experiments, the mean plateau cloning efficiency (percent wells containing at least one megakaryocyte) was 53.5 ± 19.9 %.
In each experiment, the gaussian cumulative model provided the best fit to data points when compared to 29 transition regression equations (r 2 >0.99; p< 0.001 in all cases). The inflection point, i.e., the TPO concentration (TPO 50 ) corresponding to the logTPO at half-plateau number of total clones, was 5.91 ± 0.72 pg/mL (mean±1 SEM; n = 3). The 95% confidence intervals of the estimates are given in Table 1 . Also shown in Fig 1 (bottom derivative curve, i.e., the bell-shaped frequency distribution of TPO thresholds, the concentrations required to recruit individual progenitors. Note that the peak of this curve corresponds to the median TPO threshold for all clones, which is also the TPO 50 . The fact that this curve fitted a gaussian model indicated that the distribution of TPO thresholds was lognormal. Because counting showed that single megakaryocytes were present in some wells to which no TPO had been added, curves with an intercept parameter were preferred for both the gaussian and sigmoid models. The intercept on the ordinate of the dose-response curves for 1 MK and 1-15 MK. indicated that 7.62 ± 0.57 % (mean±1 SEM; n = 6) of CD34 + CD41 + cells plated were not dependent on TPO for survival in the conditions used. Responsiveness to TPO and number of residual doublings (NbD r ) are negatively correlated. The overall curve was then resolved into size-class dependent curves by fitting regression equations to the frequencies of clones with 1 (0 doubling; db), 2-3 (1-1.58 db), 4-7 2-2.8 db), or 8-15 (3-3.9 db) megakaryocytes (Table 1, Fig 2) . Again, in each experiment, the In order to quantitatively estimate the association between TPO responsiveness
(1/TPO 50 ) and clone size, a correlation analysis was performed. Separate dose-response curves for clones of 1 to 8 MK were used without grouping to benefit from maximum resolution of plateau and NbD values. When responsiveness to TPO was plotted versus NbD r , there was a strong negative correlation between these variables (Fig 4, top panel; p<0.001).
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Using the overall values of the three experiments, the slope of the regression line indicated that TPO responsiveness decreased by a factor of 3.5 (95% CI 2.9-4.1) per doubling. demonstrates that those progenitors which had previously undergone many doublings in vivo (NbD p ) had the lowest proliferative potential in vitro (NbD r ), and vice versa (p<0.001). As a result of the reciprocal relationship, the total NbD, i.e., NbD p + NbD r , calculated as the sum of the abcissa and the ordinate at any point on the correlation slope in the bottom panel of Fig 4, tended to be constant with an approximate value of 3-5 doublings under the conditions of these experiments. Since these curves were based on clones of 1-8 MK rather than 1-15 MK, the best approximation for the total NbD would be 5-7 doublings.
No. of residual doublings (NbD
Variations in the number of doublings account for most of the heterogeneity in progenitor responsiveness. In the above analyses, the logTPO 50 represented the average response threshold for a given clone size class but did not contain any information about the heterogeneity in response threshold within that class. In order to introduce the missing information into the correlation analysis, four samples of 500 progenitors undergoing 0, 1,
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From 1.58 and 2 db (corresponding to clones with 1, 2, 3 and 4 MK, respectively) were simulated using a random number generator so that their TPO 50 and the coefficient of variation of their TPO thresholds were those in Table 1 suggesting that TPO receptor expression is a significant factor in megakaryocyte progenitor responsiveness to TPO.
NbD r distributions are derived from TPO dose-response curves. In the previous sections, the overall TPO dose-response curve was resolved into curves for clones having undergone 0 -3 doublings. We wondered whether there was any relationship between these dose-response curves and the exponential NbD r distributions referred to in the Introduction.
Therefore, dose-response curves were plotted on semi-log coordinates for the number of clones which had undergone ≥0, ≥1, ≥2, or ≥3 doublings as a function of TPO concentration (Fig 7, left panel) . Using the plateau values of these curves, the frequencies (on logscale) of the clones which had undergone these NbD r were plotted (Fig 7, right panel) . The resulting straight line documented an exponential NbD r distribution, which was derived from the set of size-class dose-response curves.
For ) are present at day 5 under these conditions 27, 28 . TPO acts preferentially on late, CD41 + megakaryocyte progenitors 29 by binding to the Mpl receptor, which is expressed at low levels in CD34 + cells and at high levels during the late stages of human megakaryocyte differentiation 30 . The CD42a antigen (glycoprotein Ibα) appears later than CD41
(glycoprotein IIb) 31, 32 , and was found in this study to be associated with the expression of greater number of Mpl receptors (Fig 6) . It had been established that GATA and cis-acting sequences coregulate the megakaryocyte progenitor expression of Mpl 33 , CD41 34 and CD42a 35 .
TPO responsiveness was recorded both as distributions of TPO thresholds (i.e., the TPO concentrations necessary and sufficient to ensure the survival of megakaryocyte (Fig 1, bottom panel) , but also for clones of different sizes (Fig 3) . This distribution, which is the derivative of the dose-response curve (Fig 1), obeyed the gaussian or the very similar sigmoid model. Lognormality of progenitor TPO thresholds has straightforward implications for the process which generates diversity of responsiveness, because the genesis of lognormal distributions is well understood 36 . Briefly, a variable (for example, the activity of a TPO-responsive signaling pathway) tends to assume a lognormal distribution when its value at each step of a process is a random proportion (i.e., a random multiplier) of its value at the preceding step. In the case of TPO responsiveness, multiplicative variations (i.e., variations whose effects multiply each other) must originate in the chain of amplifying signaling events triggered by TPO receptor binding. TPO receptor expression itself may be a significant factor in CD34 + CD41
+ progenitor responsiveness to TPO since it covered a 3-log range in membrane density and since its median value was 2.8-fold greater in the most responsive CD42a + fraction than in the 42a -fraction (Fig 6, bottom) ). Figs 2, 3) . Furthermore, when TPO responsiveness was plotted versus NbD r , there was a strong negative correlation between these variables (Fig 4, top panel) and 78% of the variance in TPO responsiveness of individual progenitors was accounted for by its association with NbD r (Fig 5) . (The remaining 22 % appear to be generated by factors which influence TPO responsiveness and NbD r independently of each other. Because in each size class, the distribution of TPO thresholds was lognormal (Fig 2, 3) , the diversification processes inherent in the cell signaling system discussed above provide the most likely mechanism for the NbD-independent variance in these TPO thresholds).
Comparisons of the 42a + and 42a -fractions of CD34 + CD41 + progenitors, separated by cell sorting, confirmed the inverse relationship between TPO responsiveness and proliferative potential (Fig 6) . Compared to the CD42a -fraction, the corresponding CD42a + fraction had lower TPO 50 (p<0.001) and underwent lesser NbD r (p<0.001). Furthermore, the 42a + fraction expressed a 2.8-fold greater median Mpl receptor density than the 42a -fraction (p<0.001).
These data therefore established a link between TPO responsiveness and Mpl receptor density. A similar relationship between factor responsiveness and receptor density had been found in other systems [37] [38] [39] .
Two main hypotheses can account for the negative correlation between TPO responsiveness and NbD r , depending on which of these two variables is seen as determining the other. In the first, differences in TPO responsiveness, generated by variations in the TPO (Fig 4, middle panel) and second, NbD r with NbD p (Fig   4, bottom panel) . A highly significant positive relationship was obtained between TPO responsiveness and NbD p and a highly significant reciprocal relationship was shown between [14] [15] [16] [17] [18] 40 . In megakaryocyte cultures, the progenitors of CFU-MK colonies with ≥ 3 megakaryocytes, of two megakaryocyte clones, and of single megakaryocytes display progressively increasing responsiveness to thrombopoietin 18 .
Similarly, in oligodendrocyte precursor cells, maturation is associated with an increasing number of thyroid hormone receptors and increasing sensitivity to the hormone 39 . Increase in receptor level associated with megakaryocyte progenitor maturation was also demonstrated in the present study (Fig 6, bottom panel) . Of interest, the expression level of the PLZF gene progressively increases through megakaryocytic development, and when it is transduced into the erythro-megakaryocytic TF1 cell line, its overexpression induces Mpl and upmodulates megakaryocytic specific glycoproteins as well as platelet factor 4 (PF4) 41 . The observation that 7.62% of single megaryocyte clones survived in the absence of added TPO may even suggest that at least some post-mitotic thrombopoietic cells are TPO independent. However,
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Exponential distribution of NbD r also favors the generation-age structure model. Recruitment as a mechanism for increased production. The effects of stimulators of hematopoiesis are mediated by suppression of apoptosis and promotion of survival [43] [44] [45] [46] [47] [48] , shortening of the cell cycle 13, 49, 50 and retardation of differentiation 50 . The results described in the present investigation suggest that recruitment provides an additional mechanism of response to stimulators. In Mpl-transduced BaF-3 cells, TPO promotes survival in cells expressing low levels of the receptor but triggers proliferation in those expressing high levels of Mpl 47 . This mechanism ensures that when low stimulator concentration and/or receptor density support survival but not proliferation of the least responsive, most ancestral progenitors, other progenitors with a longer proliferative history and greater factor responsiveness will be preferentially induced to proliferation. The more responsive progenitors may also be able to produce the all-or-none, switch-like responses of the MAPK 7, 8 which is required for the induction of polyploidization [9] [10] [11] . Furthermore, under increasing stimulator concentration (e.g., high concentrations of TPO which have resulted from decreased numbers of megakaryocytes and platelets), progenitors which are progressively less responsive and less mature, but endowed with greater proliferative potential, will be triggered to proliferate. Subsequently, their more responsive progeny will be driven to terminal maturation 15 . Such a pattern of regulation, based on the strong link between past proliferation and factor responsiveness, provides a coherent framework for the interpretation of the generation-age model of progenitor differentiation.
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